We investigate the feasibility of observing crustal higher mode surface wave dispersion and applying these observations to improve estimates of crustal structure. Because crustal overtones propagate most e ciently and are excited best in regions with thick crust and deep crustal seismicity, the study concentrates on Central and Southern Asia and parts of the Middle East. We developed a new data set of observations of the group velocities of Rayleigh and Love wave rst crustal overtones between 7 sec to 18 sec period across the studied region, and present dispersion maps for the rst crustal overtone between periods of 10 sec and 17 sec. Monte Carlo inversion of rst higher-mode together with fundamental mode dispersion at several locations demonstrates that the higher modes signi cantly reduce the range of acceptable crustal models and improve t h e v ertical resolution of the crust from the mantle. Further development of the higher-mode data set will permit a general 3-D simultaneous inversion for shear velocity structure of the crust and upper mantle in this region with bettervertical resolution than in existing models e.g., Shapiro and Ritzwoller, 2002 . General application of the method across continents world-wide is probably not feasible, due to the low likelihood of observing large numbersof rst overtones in regions of normal continental crustal thickness devoid of deep crustal seismicity.
Introduction
Surface wave observations are commonly used to study crustal and upper mantle structures on local, regional and global scales. Tomographic inversions of surface wave travel times for two-dimensional 2-D group and phase speed maps and three-dimensional 3-D shear velocity structures are the subjects of numerous studies e.g., Trampert & Woodhouse, 1995; Ekstr om et al., 1997; ; and many others. Central Asia has been a particular focus for these studies e.g., Bourjot & Romanowicz, 1992; Wu & Levshin, 1994; Curtis & Woodhouse, 1997; Wu et al., 1997; Griot et al., 1998; Huang et al., 2003; Shapiro et al., 2004 , as it presents a mosaic of tectonic structures that result from the complex deformation history of the region. Because crustal structure is so varied across Central Asia, the ability to resolve the structure of the crust from the mantle is particularly problematic.
There are a number of approaches to surface wave tomography used in previous studies. Most are based on extracting dispersion information for fundamental Rayleigh and Love waves for a set of periods usually followed by a series of one-dimensional 1-D inversions on a grid of locations for crustal and upper mantle shear velocities e.g., . Some authors van Heijst & Woodhouse, 1999; Yoshizawa & Kennett, 2002 have also used higher mode phase velocities obtained by stripping these modes from the observed records. Another approach i s b a s e d o n f u l l w aveform tting using synthetic seismograms for 1-D structures between source and receiver, and interpolating the estimated cross-sections to produce a 3-D model of the region of study Nolet, 1978 Nolet, , 1987 Lebedev & Nolet, 2003; Friederich, 2003 . Both of these approaches to introduce overtones into the inversion are applied at periods above 30 s where the overtones dominantly constrain mantle structure. The use of mantle overtones does not particularly help to improve estimates of crustal structure or to resolve the crust from the mantle. Crustal overtones at periods below 15-20 s, however, present information about crustal structure, that, if used together with fundamental mode data, may signi cantly improve estimates of the structure of the crust and resolution from the underlying mantle.
There have been several studies that demonstrated the observability and usefulness of crustal higher modes e.g., Oliver & Ewing, 1957 , 1958 Oliver et al., 1959; Oliver, 1962; Alexander, 1962; Brune & Dorman, 1963, Kovach and Anderson, 1964; Crampin, 1964 Crampin, , 1966a Crampin, , 1966b Crampin & King, 1977; Nolet, 1975 Nolet, , 1977 . For the most part, these studies have been con ned to the interpretation of a small number of particular paths. To our knowledge, there has been no attempt to use crustal higher modes in tomographic inversions. Higher mode data have also been used in a completely di erent frequency range 2 -15 Hz to study the shear velocity structure of sediments in the top few tens of meters beneath the surface and the sea oor e.g., Gabriels et al., 1987; In this study we investigate the feasibility o f i n troducing crustal overtone measurements to improve estimates of crustal structure within the context of a tomographic inversion. In section 2, we present a discussion of the physical characteristics, structural sensitivity, and excitation of crustal higher modes. We show that higher modes are expected to be best observed in regions with thick crust and with signi cant seismicity beneath the shallow crust. Based on these results, we have concentrated observational e orts on Central Asia and, as discussed in section 3, constructed a new data set of observations of the dispersion of the rst crustal overtone between about 7 sec and 18 sec periodfor about 500 paths in Central Asia. In sections 4 and 5, we show rst-overtone group velocity maps for Rayleigh and Love waves from 10 sec to 17 sec periodand demonstrate the e ect of including this information on the estimated shear velocity structure of the crust and uppermost mantle.
Physical background
In this section we will brie y discuss the nature of crustal higher modes and their basic properties: expected dispersion, attenuation, amplitude spectra, excitation and radiation patterns as functions of source parameters. These results form the basis for our concentration on observing the rst higher-modes across Central Asia.
The nature of crustal higher modes
Crustal higher modes result from the constructive interference of overcritical multiply re ected shear waves in the Earth's crust. The simplest re ection scheme is shown in Figure 1 , where a one-layered homogeneous crust of thickness H with longitudinal and shear velocities V p 1 and V s 1 is underlain by a homogeneous half-space with velocities V p 2 and V s 2 V p 1 V s 2 V s 1 . The re ection angle is always above the critical value i crit = s i n ,1 V s 1 =V s 2 , and bothSH and SV waves are multiply re ected from the surface and the internal interface. This explanation of the generation of higher modes is con rmed by comparing the phase velocity curves obtained by solving the full eigenvalue problems for Love and Rayleigh waves Woodhouse, 1988 with the equations obtained from the condition of constructive interference for multiply re ected shear waves e.g., Ewing et al., 1957; O cer, 1958: 2H cos i V s 1 + T argR SH i 2 = nT n = 0 ; 1; 2; : : 1 for Love waves, and 2H cos i V s 1 + T argR SV i + argR0 SV i 2 = nT n = 1 ; 2; : : 2 for Rayleigh waves. Here i is the angle of incidence, i = s i n ,1 V s 1 =C n T , C n T is the phase velocity for the nth mode at period T, R SH and R SV are the complex re ection coe cients of the corresponding waves from the internal interface, R0 SV is the complex re ection coe cient for the SV wave from the free surface, and arg is a function that denotes the phase of a complex number. Note that jR SV j = jR0 SV j = jR SH j = 1. For this simple model, the techniques provides the same results for all modes except the fundamental Rayleigh mode n = 0 whose phase velocity cannot be found from equation 2 because this mode includes the boundary Rayleigh wave which exists even in a homogeneous half-space. In reality, the structure of the crust and upper mantle is more complicated than in this simple example, and the equations above do not describe the details of wave b e h a vior. However, the presence of a strong velocity contrast at the Moho discontinuity, with inequalities V p cr V s M V s cr , where V p cr and V s cr characterize average velocities in the crust, and V s M is the shear velocity directly beneath the Moho, implies that this interpretation of the nature of crustal higher modes is reasonable on average. From equations 1 and 2, it is evident that crustal thickness and crustal and uppermost mantle shear velocities are the principal factors that determine the behavior of the higher mode dispersion curves.
Dispersion of higher crustal modes
To illustrate the in uence of crustal structure on the dispersion of crustal higher modes for di erent structural and tectonic provinces, we use one-dimensional vertical pro les from a 3-D seismic model at selected locations. The selected shearvelocity pro les are presented in Figure 2 . Group velocity curves for Rayleigh and Love waves for the fundamental mode and the rst several overtones are presented in Figure 3 . Note that the second and higher overtone speeds for Rayleigh and Love waves are similar and are, therefore, hard to separate and measure directly. Parts of the fundamental and rst overtone modes, however, are well separated from other modes and are measurable. This is the reason we concentrate in this paper on observations of the rst Rayleigh and Love crustal overtones in addition to the fundamental modes.
Further inspection of Figure 3 reveals that at short periods 5 sec, the group velocity of the Love modes and the Rayleigh modes with the exception of the fundamental mode asymptotically approach the minimum shear speed in the crust. In fact, phase and group speeds are the same in the high frequency limit. At this location in Kazakhstan, the model of has no sediments and that speed is about 3.6 km sec, the shear speed of the uppermost part of the crystalline crust. At longer periods, the Rayleigh and Love overtones superpose to form a guided whispering gallery wave in the uppermost mantle, directly beneath the Moho. The periodband of sensitivity to crustal thickness and shear speeds in the body of the crust is represented by the part of the dispersion curves with a large slope between the uppermost crustal modes and mantle whispering gallery modes. This part of the rst overtone branch occurs between the Airy phase between about 5-10 sec periodand about 18 sec periodfor Rayleigh waves and from about 10 sec to 15 sec period for Love waves. The exact periodrange will depend on the local structure, as the details of dispersion will vary from place to place. This is illustrated in Figure 4 which shows phase and group velocity curves from about 4 s e c to 25 sec period for the four models at the locations in Figure 2 . Note, in particular, how the period of the Airy phase seen in the group velocity of the rst higher Rayleigh mode shifts to longer periods for the regions with thicker crust. In regions of thick crusts, the rst higher mode dispersion curve is stretched horizontally to longer periods relative t o r e g i o n s with thinner crust. This is a fundamental observable that we will use later in the paper to constrain crustal properties.
Sensitivity kernels for phase and group velocities to perturbations in shear velocity as a function of depth at periods between 7 sec and 15 sec for the Tibetan plateau Fig. 2 are shown in Figure 5 . The maximum sensitivity at these periods is in the middle crust, at depths between 20 and 60 km for Tibet. For shield areas, maximum sensitivity is between 10 to 40 km. Sensitivity deepens as period increases. The group velocity sensitivity kernels usually have two lobes: a positive lobe in the upper crust and a negative lobe in the lower crust. The sensitivity kernels for phase velocity have only a positive lobe. Group velocity maxima are usually 1.5 to 2.0 times larger in magnitude than the maxima for the phase velocity kernels.
Amplitudes: modal Q and excitation of higher modes
The observability of the rst overtone will depend on its absolute amplitude, and its amplitude relative to the fundamental mode. Its absolute amplitude depends in part on its modal quality factor, Q , which w e s h o w here increases with crustal thickness. We also show that its amplitude, both in absolute and relative terms, improves with deeper events.
The attenuation of higher modes is described by the modal Q value, Q T , which depends on the intrinsic Q pro le of the crust and uppermost mantle and the depth of penetration of the modal eigenfunctions. Figure 6 illustrates how crustal thickness changes Q , b y plotting Q T for the rst overtone and the fundamental modes at a location in Kazakhstan typical continental crustal thickness and Tibet exceptionally thick crust. The intrinsic Q of the crust in both cases is 600 and Q decreases in the mantle. The values of Q between 10 and 15 sec period for the rst higher modes are signi cantly lower than Q for fundamental modes at these periods and are close to the values of Q for fundamental modes between 25 and 35 sec period. This is one of the reasons why the rst overtones are hard to observe, they tend to beobscured by the fundamentals even though they do not directly overlap on the frequency -time diagram. Also, note that Q is larger for Tibet than for the Kazakh Platform starting at about 10 sec period. This is due to Tibet's thicker crust which prevents penetration of short period waves into the upper mant l e w i t h i t s l o wer Q values.
The e ciency of excitation of higher modes depends on the depth of the source, the source mechanism, and crustal structure. Although the absolute values of the re ection coe cients for shear waves at the Moho and the free surface are equal to unity, the shear velocity contrast at Moho in uences the resulting amplitudes of higher modes as it determines the loss of energy leaked into the mantle. The resulting amplitudes of the higher modes will depend on several factors, including the structure of the medium and the depth and mechanism of the source Levshin et al., 1972b; Levshin et al., 1989 . The radiation pattern of the higher modes is often quite di erent from that for fundamental modes Figure 7 . Examples of radiation patterns for an event on 03 28 1999 in Southern Tibet are shown in Figure 7 for di erent source depths. The radiation pattern for the fundamental mode between 8 and 16 sec period has only two lobes, while the radiation pattern for the rst higher Rayleigh mode has four lobes for source depth less than 50 km. Similar results are obtained for other source mechanisms and crustal models. The additional nodes in the overtone radiation pattern contributes to the lower chance of its observation relative t o fundamental modes.
Examples of spectral amplitudes as a function of source depth for fundamental and rst higher Rayleigh modes at di erent periods are presented in Figure 8 . The source mechanism is for the same event in Southern Tibet used to construct Figure 7 . Two structural models, namely, for the Tibetan Plateau and for the Kazakh Platform are selected see Figure 2 . Higher modes have signi cantly smaller amplitudes for shallow e v ents, but their amplitudes grow quickly as the source deepens. This is especially true for the Tibetan structure with the thick crust. The excitation of the higher mode at the same period is more e cient in a model with thick crust. The relative increase in intensity of the higher Rayleigh modes with increasing source depth is well observed on synthetic seismograms for the fundamental and rst higher Rayleigh modes for the Tibetan model Figure 9 . For shallow events, the fundamental mode obscures the overtone. With events at 30 km depth or deeper, the amplitude of the rst crustal Rayleigh overtone is commensurate with the fundamental mode amplitude, at least for the Tibetan structure. This source depth dependence is di erent for Love waves, however.
Summary: Expected observability of higher modes
In summary, we expect that the rst overtone between about 8 sec and 18 sec periodwill bethe besttarget for observation and will have the greatest relevance to crustal structure and thickness. The exact period band will depend on local structure. These waves are well separated from other interfering waves. The amplitude of the rst overtone is expected to be largest in regions with thick crust and following earthquakes that are deeper than the shallow crust. Central Asia is anideal location to search for these observations, as crust is thick and seismicity deeper than the shallow crust is relatively plentiful.
Observations
For the reasons discussed in section 2, we limit observations to the Central Asian region extending between 10 ,50 N a n d 4 0 ,120 E. Concentration is on obtaining group velocity dispersion curves for the rst crustal overtone starting at about 5 sec period and extending to about 20 sec. We used broad-band waveforms following earthquakes that occurred between 1977 and 2002 in and around Eurasia recorded at stations from both global networks GDSN, GSN, GEOSCOPE as well as temporary regional arrays e.g., KNET, KAZNET, Saudi Arabian Network, PASSCAL deployments in Tibet and Nepal.
To identify higher modes we used the same FTAN technique that has beenused previ-ously for detecting and measuring the dispersion of fundamental modes e.g., Levshin et al., 1972a Levshin et al., , 1989 Levshin et al., , 1992 . Higher mode group velocity curves from FTAN diagrams were obtained only when a distinct short-period higher-mode signal was visible e.g., Figures 10, 11 . The percent of such records relative to records with distinct fundamental mode signals is small, on the order of 3. Outliers were rejected by comparison with values obtained by ray-tracing through the group velocity maps obtained from the model of . The numberof individual dispersion curves that withstood outlier rejection is shown in Figure 12 . The maximum is at periods between about 8 and 15 sec. Figure 13 illustrates the coverage of the region for both Rayleigh and Love rst overtones. Coverage is best in Western China, but at the shorter periods extends into Iran in the west, north into Mongolia and Kazakhstan, and east into eastern China. At the longer periods,goodpath coverage is exclusive to Western China and environs. This is because by 17 sec period, for example, the rst higher mode in regions with thinner crust than Tibet strongly samples the mantle and is e ectively unobservable. The rst crustal overtone constraint on crustal structure, therefore, is a broader band and stronger constraint on the Tibetan crust than on the crust in other regions.
Dispersion Tomography for the First Higher Crustal Mode
Only data at periods between 10 and 17 sec were used to produce the Rayleigh and Love wave dispersion maps. The inversion technique, described by Barmin et al. 2001 , was modi ed to account for the spatially extended frequency-dependent sensitivity of the waves as discussed by . The use of extended sensitivity k ernels has a minimal e ect on the estimated maps at these periods, but provides a more accurate estimate of spatial resolution. Spatial resolution is best where data density maximizes Fig. 13 , optimizing at about 500 to 600 km in the region of study. Resolution is estimated with the method described by Barmin et al., 2001 , and is equal the standard deviation of a Gaussian t to the resolution surface at each location. The spatial resolution for fundamental modes between 30 sec and 40 sec period where they are most sensitive to the crust is about 250 to 300 km in this region.
Because of the highly variable data distribution, each map is estimated relative to an input reference map. The inversion is constrained to remain near the input map in regions with low path density. We used the group velocity maps for the rst higher modes predicted from the 3-D model of . This highlights areas where the 3-D model needs improvement in the crust. Mis t statistics for both the input reference maps and the estimated maps are listed in Table 1 . The rms-residual for the reference map is typically 25 -35 sec, depending on periodand wave type. The residual is larger for Love than Rayleigh waves, probably because the Love w aves are more sensitive to the upper crust which i s poorly known in the reference model. After the inversion, the rms-residuals reduce to values between 18 and 20 sec. Love w ave measurements are t as well as the Rayleigh wave measurements. Because the input reference model ts the Rayleigh overtones measurements better than the Love measurements, the variance reduction is higher for the Love waves, averaging about 60, whereas the variance reduction for the Rayleigh waves averages about 50. In both cases, the estimated dispersion maps t the data much better than the input model. The measurements contain signi cant, new information about crustal structure.
The estimated dispersion maps for Ralyeigh and Love w aves at various periods are shown in Figure 14 . Figure 15 shows the di erence between the estimated map and each input reference map. Comparison between Figures 13 and 15 illustrates that a perturbation in the reference structure is introduced only when there are several paths crossing a 2 2 cell. The path density constraint applied here is much w eaker than that in our fundamental mode inversions where we require more than 50 paths to intersect a 2 2 cell before a perturbation to the underlying structure is introduced. Inspection of Figure 15 reveals that most of the perturbations are negative; that is, the observed waves travel slower than those predicted by the reference 3-D model in most regions and at most periods. The largest negative perturbations are about -400 m s, which is about a 10 perturbation in group velocity. Figure 14 shows that the spatial variability within each of the maps is considerably larger than 10. Thus, the input 3-D model proscribes the overall pattern of anomalies expected for the rst crustal overtones, but we expect that crustal velocities in the model are, on average, too high and crustal thicknesses in some cases are too small. The inversions in section 5 explore this further. To a fairly good approximation, the patterns of anomalies seen in the continental parts of Figure 14 result from crustal thickness variations in which the thicker crust manifests as low rst crustal mode speeds. Tectonically deformed regions have, on average, thicker crust and hence lower crustal overtone speeds relative t o adjacent non-tectonic continental crust. Low speeds at short periods in the Caspian and Arabian Seas and the Bay of Bengal result from thick sediments in the model and are largely unconstrained observationally.
Example Inversions for Crustal Structure
To investigate the information contained in the crustal overtone maps we performed simultaneous inversions of the overtone and fundamental mode maps at two geographical locations that have relatively good coverage by higher modes: the Northern Tien-Shan region 42 N, 74 E and South-Western China within Tibet 30 N, 100 E. The observed dispersion curves for these two locations are shown as the solid Rayleigh and dashed Love black lines in the left panels of Figures 16 and 17 . There are four observed fundamental mode curves: Rayleigh and Love group U 0 and phase C 0 speed. The fundamental mode measurements extend from 16 sec period up to 200 sec period for the Rayleigh wave group speed. There are two observed rst overtone curves U 1 that extend from 10 sec to 17 sec period.
The inversions are based on the Monte-Carlo method of Shapiro and Ritzwoller 2002 in which the data are the dispersion curves taken from the dispersion maps at each s p e c i e d location. Fourteen model parameters describe the crust and upper mantle including the thickness as well as the shear and compressional velocities in each layer of a three-layered crust. The model is isotropic in the crust although Shapiro et al., 2004 argue that parts of the Tibetan crust is radially anisotropic, but is radially anisotropic in the mantle to a depth of about 200 km and structural perturbations are continuous, being represented by B-splines. Results of the inversion for the two chosen locations are shown in Figures 16 and 17 right panels. At each depth the full range of models is displayed, de ning a corridor of allowed models. The isotropic part of the model in the mantle is shown by taking the average of the V sv and V sh components at each depth and displaying the range of the results. The top pair of panels in each gure shows the inversion without the higher-mode constraint, but shows how the higher mode would be t if the inversion is constrained only by fundamental mode data. The bottom pair of panels in each gure shows the inversion and t to all data from the inversion that ts the higher-mode and fundamental mode data simultaneously.
Figures 16a and 17a demonstrate that without the overtone data in the inversion, the overtone data are poorly t and the range of models in the crust is large. Including the overtone in the inversion, as shown in Figures 16b and 17b , naturally improves the t to the overtones but also greatly reduces the range of acceptable models in the crust. This is most dramatic for the Tibetan inversion in which the range of allowed crustal shear velocities and crustal thicknesses is much narrower than if only fundamental mode data are applied.
These results imply that the inclusion of higher-mode observations in inversions for crustal structure signi cantly improves the crustal part of the model, which is otherwise hard to constrain. In addition, by narrowing the range of admissible crustal models, it also improves the mantle part of the model. It can be seen in Figures 16b and 17b that the range of mantle models also narrows when crustal overtone data are introduced in the inversion. This is not because the overtone data constraint the mantle, however. It is because the range of admissible crustal models has been reduced and the trade-o between crustal and mantle structures has beenameliorated.
Conclusions
We have shown that when reliable measurements of higher crustal modes can beobtained in su cient number to justify the construction of dispersion maps, they provide valuable information to reduce the range of admissible models of crustal velocities and thickness and help to resolve the trade-o between crustal and mantle structures thereby improving uppermost mantle structures as well. We argue that the rst higher mode between about 8 sec and 18 sec period is the principal target for reliable travel time estimates. It is best excited by e v ents deeper than the shallow crust and propagates most e ciently in continental regions where crust is thick. For these reasons, we sought measurements of the rst higher mode Rayleigh and Love waves in Central Asia and obtained a data set of measurements for about 500 paths across the region. Tomographic maps of the group velocity of the rst higher modes provide new information about crustal structure across much of Central and Southern Asia and part of the Middle East. Monte Carlo inversion of rst higher-mode and fundamental mode dispersion at several locations show that the higher modes signi cantly reduce the range of acceptable crustal models and improve t h e v ertical resolution of the crust from the mantle. Further development of the higher-mode data set will permit a general 3-D simultaneous inversion for shear velocity structure of the crust and upper mantle in this region with better vertical resolution than in our existing model Shapiro and Ritzwoller, 2002. Although the application of higher modes provides powerful constraints on crustal structure, the method is probably not generally applicable. The reason is that even in Central Asia the number of reliable higher mode measurements is about thirty times smaller than reliable fundamental mode observations made on the same seismic recordings. This di erence is largely attributable to the fact that the higher modes are excited less e ciently by s h a l l o w crustal events and, for a given depth of sensitivity, the overtones are at a higher frequency and therefore scatter more strongly from crustal inhomogeneities than fundamental modes. For these reasons, higher modes are typically poorly observed. In fact, the 1:30 ratio of overtone to fundamental mode measurements that we observed is anomalously large relative to the rest of the world because of the thick Central Asian crust. This method will probably not befeasible in continental regions with normal crustal thickness that are devoid of deep crustal seismicity. 
